ABSTRACT: The deposition of varved sedimentary sequences is usually controlled by climate conditions. The study of two late Miocene evaporite successions (one halite and the other gypsum) consisting of annual varves has been carried out to reconstruct the paleoclimatic and paleoenvironmental conditions existing during the acme of the Messinian salinity crisis, , 6 Ma, when thick evaporite deposits accumulated on the floor of the Mediterranean basin. Spectral analyses of these varved evaporitic successions reveal significant periodicity peaks at around 3-5, 9, 11-13, 20-27 and 50-100 yr. A comparison with modern precipitation data in the western Mediterranean shows that during the acme of the Messinian salinity crisis the climate was not in a permanent evaporitic stage, but in a dynamic situation where evaporite deposition was controlled by quasi-periodic climate oscillations with similarity to modern analogs including Quasi-Biennial Oscillation, El Niño Southern Oscillation, and decadal to secular lunar-and solar-induced cycles. Particularly we found a significant quasi-decadal oscillation with a prominent 9-year peak that is commonly also found in modern temperature records and is present in the contemporary Atlantic Multidecadal Oscillation (AMO) index and Pacific Decadal Oscillation (PDO) index. These cyclicities are common to both ancient and modern climate records because they can be associated with solar and solar-lunar tidal cycles.
INTRODUCTION
The Messinian salinity crisis (MSC) is a complex geological event that resulted in the transformation of the Mediterranean Sea into a giant brine pool where a dramatic hydrological and biological crisis occurred at about 6 Ma (Hsü et al. 1973) . Its geological record ( Fig. 1) consists of sulfate and halite deposits with a volume of more than 1 3 10 6 km 3 (Hsü et al. 1978; Montadert et al. 1978; Rouchy and Caruso 2006) accumulated in less than 700 ka (Krijgsman et al. 1999) in both shallow-water and deep-water settings (CIESM 2008; Roveri et al. 2008) . The climatic conditions and forcing mechanisms that were active at different temporal scales during the evaporite deposition are still largely unknown. A consensus has been reached in considering that evaporite deposition was controlled by the variation of Earth's orbital parameters and particularly by precession that drove an , 20 kyr alternation of drier vs. more humid conditions ( Fig. 2 ; Krijgsman et al. 1999; van der Laan et al. 2006; CIESM 2008; Roveri et al. 2008; Manzi et al. 2009; Lugli et al. 2010) . These mechanisms explain the decameter-scale lithological cyclicity given by the rhythmic alternation of evaporitic and fine-grained terrigenous bodies. Much more uncertain is the origin of centimeter to millimeter thick evaporite rhythmites observed in the evaporites of all MSC stages; they represent the only cyclical pattern recognizable in the halite deposits formed during the very short interval (less than 50 kyr) of the MSC acme (6.0-5.5 Ma, stage 2; CIESM 2008; Fig. 2) .
Here we present a detailed study of the small-scale lithological cyclicity observed in two evaporite sections from the MSC stage 2 (CIESM 2008) recorded in the Caltanissetta basin of Sicily (Figs. 3, 4) , which represent a unique archive for assessing the paleoenvironmental and paleoclimatic conditions controlling and modulating the deposition of large salt bodies in the deep Mediterranean basin. On the other hand, this study also provides important insights on the characteristics of Earth's climate system during the late Miocene, i.e., prior to the Northern Hemisphere glaciation (Raymo et al. 1989; Roveri and Taviani 2003) . (CIESM 2008) . The discussion of alternative interpretations supported by other research teams is beyond the aim of this paper; here we simply adopt the stratigraphic framework proposed by CIESM (2008) and its most recent refinements (Roveri et al. 2008; Manzi et al. 2009; Lugli et al. 2010; Manzi et al. 2011 ) that subdivide the Messinian salinity crisis into three main evolutionary stages, each one characterized by peculiar evaporite deposits recording different hydrological and paleoceanographic conditions.
The first stage (5. Figs. 2, 3) , dominated by sulfate evaporites, corresponds to the deposition of massive bottom-grown selenite (Primary Lower Gypsum, PLG; Roveri et al. 2008) in semiisolated, marginal subbasins, whereas only organic-rich shale and dolomitic limestone accumulated in deeper and/or more open settings ). The PLG evaporites were deposited in small and moderately deep (, 200 m), episodically oxygenated basins, and precipitated from a relatively homogeneous Atlantic-fed water body with a restricted outflow and a significant contribution of continental waters Lugli et al. 2010) .
The MSC acme occurred during the second stage (5.6-5.55 Ma; stage 2.1 of CIESM 2008; Figs. 2, 3) dominated by CaCO 3 -NaCl-K salts, and characterized by a strong phase of erosion and tectonic activity. Its sedimentary record consists of both clastic deposits, derived from the erosion and resedimentation of stage 1 PLG evaporites (RLG, Resedimented Lower Gypsum; Roveri et al. 2008) , and of primary evaporites; the latter consisting of thick and extensive primary halite and gypsum cumulate bodies that were mainly deposited in the deeper settings. This stage comprises the TG14 and TG12 glacials and was triggered by a combination of pan-Mediterranean tectonic and climatic factors that caused a significant reduction of the Atlantic connections and the likely blockage of the Mediterranean outflow (Mejier and Krijgsman 2005 Precipitation of UG selenite occurred from a large, residual water body only partially connected with the Atlantic, as suggested by the depleted strontium isotope ratio with respect to the coeval oceanic waters (Flecker and Ellam 2006; Manzi et al. 2009 ). This stage was followed by the return of fully marine conditions in the Mediterranean (Hsü et al. 1978; Van Couvering et al. 2000) .
THE RECORD OF THE SALINITY-CRISIS ACME (STAGE 2) IN THE CALTANISSETTA BASIN
The Messinian primary evaporites are characterized by a pervasive, small-scale lithologic cyclicity. In the selenite bodies deposited during MSC stages 1 and 3 such a small-scale cyclicity is marked by the centimeter-thick rhythmic alternation of gypsum selenite crusts and shale or limestone veneers ( Fig. 3 ; Lugli et al. 2010; Manzi et al. 2011) . Smallscale cyclicity is even more evident in stage 2 primary evaporitic deposits (mainly halite and gypsum cumulates) consisting of thin (centimeter) to very thin (millimeter) evaporite-shale alternations.
Here we focus on the halite and gypsum cumulate deposits of the Caltanissetta basin (Sicily), which likely represent the most continuous onshore records of the crisis acme.
We measured 120 lithological cycles for an overall thickness of 18 m (Figs. 4, 5) in the halite deposits of the Realmonte salt mine (37u17947.310 N; 13u28923.200 E; Lugli 1999 Rouchy and Caruso (2006) . The term ''trilogy'' indicates the threefold deeper succession of the Western Mediterranean that, based on seismic, includes a halite unit sandwiched between two gypsum units. Alternatively when both halite and gypsum are present but not distinguishable, the term ''undifferentiated'' has been adopted. B) Paleocenaographic map of the Western Mediterranean basins during the Messinian salinity crisis, showing the main evaporite depocenters (dotted areas). Modified after Jolivet et al. (2006) . Emerged areas are in gray; dotted line is the modern coastline; star indicates the study area; CB, Caltanissetta basin; SB, Sorbas basin; VdGB, Vena del Gesso basin. Stratigraphic framework of the Messinian salinity crisis with the indication of the various evaporite deposits and the key surfaces.
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V. MANZI ET AL. Lugli et al. 2010 ) was deposited during stage 1 of MSC. Deposited during Stage 2, the Resedimented Lower Gypsum unit (RLG) is a complex unit including clastic gypsum (CG), halite, and gypsum primary cumulate deposits (HG); and clastic carbonates derived from evaporitic and microbial limestone (LB, limestone breccia; Calcare di base type 3, sensu Manzi et al. 2011) . Finally, during stage 3 a further primary gypsum unit was deposited (UG, Upper Gypsum; see Manzi et al. 2009 ). The carbonate unit of the Terminal Carbonate Complex (TCC; Bourillot et al. 2009; Roveri et al. 2009 ) are also included: mfs (maximum flooding surface); sb (sequence boundary); 1-4 (transgressive-regressive large-scale sequences, , 100 kyr). MSC key-surfaces are: MSC onset (start of evaporite deposition in the Mediterranean); MES-CC (correlative conformity of the Messinian erosional surface; see Roveri et al. 2008 ); M/P (MiocenePliocene boundary). (Figs. 4, 6 ) made up of 1179 primary gypsum laminae and subordinately by fine-grained clastic gypsum. According to Selli (1960) , these deposits pass laterally to a halite body, which is coeval with that of the Realmonte mine (Fig. 4) . The gypsum laminite unit is a millimeter-scale rhythmic succession of gypsum laminae (Ogniben 1957) . The thickness of individual laminae varies between a minimum of 0.4 mm and a maximum of 6.8 mm, with an average value of 2.6 mm (standard deviation 0.9 mm obtained for 979 laminae). The gypsum laminae consist of inversely graded (i.e., with crystal size increasing toward the top of each lamina; Fig. 6C ) cumulates of fine-grained granular crystals separated by very thin veneers of organic matter (less than 1 mm). These features suggest that each lamina represents a discrete basin-scale evaporitic event, very similar to the laminar gypsum cumulates occasionally present in modern salt works.
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The cumulitic laminae are arranged to form up to 54 lamina sets (i.e., group of laminae; numbered from the bottom of the section in Fig. 6 ) formed by a highly variable number of laminae (3 to 65) separated by centimeter-thick brown shale horizons; less-prominent millimeter-thick shale veneers allow a further subdivision for a total of 79 lamina subsets (internal subdivision are indicated in Fig. 6 , when present). The lamina sets from 1 to 51 are in turn arranged in 14 clusters (i.e., groups of lamina sets; numbered from the bottom of the section in Fig. 6 ), separated by decimeter-thick fine-grained (from very-fine sand to silt) clastic gypsum beds (named from the bottom in alphabetical order in Fig. 6 ) likely deposited by subaqueous low-density gravity flows. The base of the clastic beds is commonly sharp, but erosional or dissolution features have not been observed in the underlying cumulate laminae.
Three uppermost lamina sets (named 52, 53, and 54) are locally altered by modern pedogenesis, thus hampering the accurate counting of laminae. Nevertheless, 500 to 600 additional laminae can be roughly estimated for this interval. Thus, the whole section is estimated to contain 1700 to 1800 laminae. Individual lamina sets thicken upwards due to a progressive decrease in frequency and thickness of the clastic beds, suggesting greater stability of evaporitic conditions through time. Following the principle of geological uniformitarianism (Hutton 1785; Hutton 1795; Lyell 1830) , the basic assumption of this study considers that, similarly to what commonly occurs in modern evaporitic environments, each discrete elementary evaporitic event recognized in the studied sections of Realmonte (shale-anhydrite-halite triplets) and Pasquasia (shale-gypsum couplets) records annual dry-humid environmental variations. This basic assumption is also substantiated by further considerations.
The deposition of the evaporites during MSC stages 1 (PLG) and 3 (UG) was mainly controlled by precession producing , 20 kyr evaporiteshale alternation, respectively related to dry vs. humid conditions ( Fig. 2 ; Krijgsman et al. 1999; van der Laan et al. 2006; CIESM 2008; Roveri et al. 2008; Manzi et al. 2009; Lugli et al. 2010) . In contrast, the primary evaporite unit of stage 2, the deposition of which has been constrained to fall within a 50 kyr time window (Fig. 3) , does not show any clear internal large-scale subdivisions or interbedded shale horizons (Fig. 4) that may allow the identification of precession-related cyclicity. All of the largest halite bodies of the Caltanissetta basin ( fig. 4) (Decima and Wezel 1971; Lugli et al. 1999 ). This quasi-symmetrical cycle of halite passing to K-Mg salts and returning to halite could be related to a large-scale evaporation cycle that reached its acme with the deposition of the more soluble salts. This trend is supported by the facies distribution showing a progressive shallowing in the depositional facies, up to local ephemeral desiccation conditions in the lower portion ). This desiccation was followed by a less pronounced deepening trend based on the increase of accommodation for the upper unit Roveri et al. 2008) . It follows that the whole salt unit could have accumulated within a single precessional cycle, or even more likely, by deposition during its dry hemicycle, thus spanning a maximum interval of 10 kyr. Similarly, the gypsum cumulate unit ) lacks a clear internal subdivision and is characterized in its intermediate to upper portion by the maximum development of the cumulate facies.
The overall number of small-scale cycles counted in the gypsum cumulates of Pasquasia section is between 1700 and 1800. In the Realmonte salt mine, the maximum thickness of halite can be estimated at around 400 m (Fig. 4) ; thus, extrapolating the data of our section, a rough total number of 2500 cycles can be calculated for the whole salt unit. Assuming a duration for each small-scale cycle of 10 yr, the cumulate unit could exceed the duration of one entire precessional cycle; thus a shorter duration probably should be envisaged.
The comparison of the Sicilian evaporites with modern (e.g., Lake MacLeod, Western Australia; Warren 2006) and ancient analogues (Anderson 1982; Anderson and Dean 1995; Leslie et al. 1996; Kirkland et al. 2000; Kirkland 2003) suggests that the small-scale cyclicity observed in Messinian evaporites may record annual, pluriannual, and decadal highfrequency alternations of dry and humid phases.
Nevertheless, both the Realmonte triplets and the Pasquasia couplets clearly describe discrete evaporitic events starting from under-saturated conditions and ending only after strong evaporative conditions, without any evident interruptions. In fact, the gypsum laminae of Pasquasia are characterized by a peculiar inverse gradation of cumulitic crystals and do not show any dissolution or shale deposition that could suggest dilution events in the basin. In the same way, the shale-anhydrite-halite triplets of the Realmonte salt mine describe events of progressive saturation of the water mass, without any dilution events. Deposition of halite and gypsum cumulates can be related to evaporitic environments characterized by seasonal alternation of dry and humid environmental conditions, as occurring in a single year in modern environments. Consequently, we suggest that the evaporite-shale couplets of stage 2 can be interpreted as varves, and we assume as a working hypothesis for the statistical analyses that they have annual duration. Evaporite precipitation occurred during the dry season, whereas during the humid season argillaceous sediments carried by runoff freshwater accumulated at the bottom of the basin.
Moreover, the sedimentation rate of 15 cm/yr obtained for the halitecumulate cycles of the Realmonte salt mine has a magnitude comparable to the one calculated for the deposition of halite chevrons in modern salinas (10 cm/yr; Schreiber and Hsü 1980) . Depositional rates of gypsum cumulates are more difficult to assess, inasmuch as no modern analogues are available; nevertheless, we observed minor gypsum cumulates forming sporadically in modern, human-operated salinas in Spain (Cabo de Gata) and Sardinia (Cagliari), suggesting annual depositional rates varying from a few millimeter to a few centimeter, strongly depending on the local hydrological conditions. Simple counting of evaporite varve enabled us to obtain an age model for these deposits (Muñoz et al. 2002) ; no additional calculations were performed to convert thickness into time or to calculate the sedimentation rate. Erosional and/or other features indicating significant hiatuses have not been observed in these sections; this suggests that the deposition took place in a very low-energy environment able to provide a continuous sedimentary record. Unfortunately, the Realmonte and Pasquasia sections cannot be correlated bed by bed because they consist of different lithologies (halite-anhydrite-shale triplets vs. gypsum-shale couplets and represent different time spans (120 vs. 1700-1800 cycles). Although we cannot provide the spectacular correlation shown for the sulfate varves of the Permian Castile Formation (Anderson 1982) here, the internal organization of laminae formed by different lithologies demonstrates that they have the same meaning as annual varves. 
MATERIALS AND METHODS: THE STUDY OF EVAPORITE VARVES
In modern evaporative basins, the salinity and the density of the water mass, and the consequent evolution of the brines are strictly controlled by the effective evaporation rate (Warren 2006) , which, in turn, depends on many environmental factors such as wind velocity, air temperature, water temperature, and solar irradiance. Thus, the volume of the evaporite seasonally accumulated in a basin can be considered by far one of the best proxies for the short-term climate variability. In order to reconstruct the shorter-term paleoclimatic oscillation during the acme of the Messinian salinity crisis, we analyzed the thickness variation of evaporite varves and the return time of the dilution events which are represented by thicker shale horizons and/or low-density gravity flows.
We performed statistical analyses using power-spectrum estimations by the maximum entropy (all poles) method (MEM; see Courtillot et al. 1977 and Press et al. 1997 for further information) and the more traditional Lomb Periodogram (LP). MEM is complementary and has some advances over traditional power-spectrum periodogram methods such as LP and fast Fourier transforms, because it is based on an autoregressive algorithm that can give an accurate representation for an underlying power-spectrum function by looking for mathematical poles producing thin delta-like functions at the statistically relevant frequencies. Other techniques produce wide bell-shaped peaks whose highs give the power associated with the amplitude of a given cycle. The MEM delta-like peaks may allow robust separations of close frequencies, and the technique may work well for short sequences as well. The maximum number of frequencies that may be detected is called ''order of poles'' and cannot be larger than half-length of the record. When this technique is used with poles M ranging from N/5 to N/2 (where N is the length of the data), the methodology is optimized in detecting possible cyclicities at the low-frequency range such as decadal and multi-decadal scales (Courtillot et al. 1977) . In the following we use the above two alternative spectral-analysis methodologies for reciprocal validation and use M 5 N/2.
RESULTS OF SPECTRAL ANALYSIS
Spectral analysis of the cyclic halite at Realmonte mine (Fig. 7A) contains 120 values that, according to our hypothesis, correspond to 120 consecutive years. The power spectra are shown in Figure 7B . The most prominent peaks, with respect to red-noise confidence levels relative to the Lomb-Periodogram estimates (90% and 95%; Fig. 7B ), are those with periods of 3.2 years and 9 years. Other possible peaks are observed at 7.6, 11.5, 15, and 25-27 years, but their significance and stability is more uncertain. This record is too short to accurately determine the significance of the longest detected periodicities or of the smaller peaks.
The record of thickness variation for the gypsum laminae in the Pasquasia section (Fig. 7C) contains 1179 values that, according to our working hypothesis, correspond to 1179 consecutive years. The record appears to be segmented into five groups because some intervals cannot be resolved due to alteration; more precisely, for these intervals it was possible to count only the number of laminae, but not their individual thicknesses, due to the lack of fresh cuts perpendicular to the lamination. For these reasons only the average thickness was considered for the altered intervals. The first uninterrupted interval is made up of 444 data points, and it is the longest uninterrupted record available. The power spectrum of this first part of the sections is shown in Figure 7D . Both spectra show numerous peaks against the estimated red-noise confidence level having dominant peaks in the ranges of 3.5-5. 5, 6, 7.3, 8.6, 11.2, 13, 17.6, 19.6, 51 , and 83 years. However, the most prominent variability is observed at about 4 years and at 20 years, plus a significant variability within the 50-100 years scale. Finally, we investigated the possible occurrence of regular periodicities in the recurrence of dilution events (floods, rainfalls) in the evaporitic basin through the probability distribution analysis using Gaussian kerner density estimates performed on the duration of each of the 79 lamina subsets (see internal subdivision of laminasets 1 to 51 in Fig. 8 ) obtained by counting the number of cumulate layers separating two successive shale horizons (Fig. 7E) . The analysis shows significant probability peaks at periods of 4, 7, 9, 11, 15, 20, 24.5, and 32-35 yr, with the most prominent peaks observed again in the 7-11 years range (Fig. 7F) .
Furthermore, an evolutive spectral analysis was performed on the thickness variation for both of the Realmonte and Pasquasia cumulate series: the Morlet wavelet spectra (Fig. 8) . The results show the typical interference-beat patterns among the different frequencies obtained from spectral analysis. In the Realmonte section (Fig. 8A ) an approximate 60-year beat cycle can be recognized around the 8-12 years period range, while in the Pasquasia section the ENSO like variability around 3-7 year period range is more clearly highlighted (Fig. 8B) .
DISCUSSION

Short-Term Modern Climate Forcing
Earth's climate is a very complex geophysical system controlled by the interaction of several terrestrial and astronomic forces, producing an intense cyclical variability at different time scales that can be reduced or amplified according to the physiography of each basin.
In the study of climate-sensitive environments that can record the shorter-term (annual and pluriannual) climate variabilities, like lacustrine or marine evaporitic environments, the most important climatic variations can be considered in terms of air and water temperature, precipitation rate, and intensity and recurrence of precipitations events (Warren et al. 2006 and references therein) .
In modern times several climate variations are recognized based on particular periodicities (Table 1) .
The Quasi-Biennial Oscillation (QBO) has a mean period of about 2.3-2.5 yr (Baldwin et al. 2001) ; periodicities between 3 and 7 yr are commonly found in the El Niño Southern Oscillation (ENSO; Trenberth 1997) ; an oscillation at about 9 yr is clearly present in the global surface temperature records since 1850 and can be related to a lunisolar long-term cycle (SLC; Scafetta 2010 Scafetta , 2012a Scafetta , 2012b The record appears to be segmented into five groups because of regions that could not be annually resolved due to some measure of alteration; these intervals are filled with their average value. D) Maximum-entropy-method analysis and Lomb periodogram of the gypsum cumulates at Pasquasia. E) Number of laminae (and thus the number of years) forming each lamina set of the Pasquasia section. F) Recurrence periodicities of the dilution events in the basin obtained from probability distribution analysis of the duration of the 54 lamina sets and 79 lamina subsets of the Pasquasia section. Note that the shortest period of two years refers to the Nyquist frequency for annually resolved records, and that the spectral uncertainty increases with the period, as expected. Supplement); periods at about 10-13 yr are usually related to the 11 yr sunspot-number solar cycle (SSC; Hoyt and Schatten 1997); 19 and 25 yr periods are commonly associated with the 22 yr Hale solar magnetic cycle (HSC; Hoyt and Schatten 1997) and to the 18.03 yr Saros cycle, the 18.6 yr lunisolar nodal cycle, and/or the 18.6 nutation cycle, which may influence the Arctic climate and likely regulate a bidecadal North Atlantic Oscillation; (NAO; Yndestad 2006) .
Clear quasi 20-yr cycles in the global surface temperature in synchrony with astronomical cycles also have been observed (Scafetta 2010 (Scafetta , 2012a .
Longer-term oscillations with periods of 50-100 yr are also found in numerous climate records (Wyatt et al. 2011) and are commonly associated with the Gleissberg solar cycle (GSC; Hoyt and Schatten 1997) . For example, 60-64 yr and 80-90 yr cycles have been found in solar-related records over the past 10 ka (Ogurtsov et al. 2002) from different proxies such as 10 Be from polar ice (1010-110 B.P.) and 14 C data from tree rings (9758-65 B.P.).
Cycles with quasi 50-70-year periods are found in several climatic records (Wyatt et al. 2011) , particularly in the global surface temperature since 1850 (Scafetta 2010 (Scafetta , 2012a and are clearly present in the North Atlantic Oscillation indexes since 1700 (Mazzarella and Scafetta 2012) .
Spectral peaks that fall at 12.7, 26.5, 34.4, and 57.3 yr periodicity for temperature and a marked 90-yr maximum for precipitation have been found to characterize the western Mediterranean climate in the last four centuries (Camuffo et al. 2010 ).
Modern vs. MSC Climate-Regulation Mechanisms
As commonly observed in modern records (see Scafetta 2010 Scafetta , 2012a , and references therein), power spectra obtained for MSC deposits (Fig. 7B, D observed a rough similarity with the typical major frequency ranges reported in modern climate records; because both the Realmonte and Pasquasia sections represent marine Mediterranean records, the observed climatic oscillations can be representative of comparable temperature and/ or precipitation cycles.
Our data suggest that both the thickness of the evaporite varves (Fig. 7B, D) and the occurrence of fluvial flood-related deposits (Fig. 7F ) vary cyclically with periodicities significantly corresponding to those reconstructed for the last 500 yr for modern temperature and precipitation in the western Mediterranean (Camuffo et al. 2010 ) that are currently related to both astronomical (lunar and solar cycles) and oceanic cyclicities (QBO, ENSO).
The influence of the El Niño Southern Oscillation (ENSO) has been suggested as a main forcing mechanism for Messinian evaporitic deposits (Galeotti et al. 2010) , thus implying ENSO variability during the late Miocene and its possible teleconnections. Our work, based on a much longer time series (1200 yr vs. 250 yr of Galeotti et al. 2010 ) confirms previous findings. Moreover, it also documents that climate forcing other than the ENSO-like oscillations and not previously considered were active in the late Miocene and played an important role in controlling the Messinian evaporite systems.
The most prominent finding of our spectral analyses (Figs. 7B, F) is that, in addition to the QBO and ENSO frequency band (2-5 years), a strong periodicity at the decadal scale around about 9 years can be detected, Fig. 7B, F) . This decadal cycle, which is quite evident in several temperature records, can be related to major solar oscillations and lunisolar tidal cycles, which can modulate ocean currents and the albedo through a direct forcing of the cloud system (Scafetta 2010 , 2012a , 2012b . Thus, numerous astronomical oscillations would influence climate, as is already known to happen for tidal dynamics (Ehret 2008; Wang et al. 2012) . Variations in the ocean circulation are well known to drive and influence the global climate and would influence Europe and the Mediterranean region as well. A significant common 9 yr cyclicity in the power spectrum of the modern Atlantic Multidecadal Oscillation (AMO) index (155 yr; 1856-2011) and the Pacific Decadal Oscillation (PDO) index (111 yr; 1900-2011) is shown in Figure 9 . Other significant spectral peaks at 2-3 yr and 4-8 yr, and a possible multidecadal peak at about 60 yr, approximately agree with the spectral ranges depicted in Figure 7 .
As for the longer-term findings, the 85-90 yr and 60-110 yr oscillations found in both the Realmonte and the Pasquasia records also matches reasonably well with the 90 yr rain periodicity in the Western Mediterranean climate of the last four centuries (Camuffo et al. 2010) . Note that the Realmonte record is quite short (120 yr), and the existence of a quasi-secular cycle can be inferred only from the fact that the analysis highlights a multi-decadal, quasi-secular modulation that could be consistent with an oscillating pattern, which is more clearly measurable in the longer record of Pasquasia.
Main Implications for the Messinian Salinity Crisis
During the late Miocene the paleoenvironment of the Mediterranean underwent an important geodynamic event resulting in the tectonic reorganization of the Eurasia-Africa plate boundary and significant physiographic changes (Duggen et al. 2003; Jolivet et al. 2006; Govers et al. 2008) . However, the Messinian paleogeography and paleoceanography of the Mediterranean area remains under debate (Blanc 2000; Meijer and Krijgsman 2005; Gargani and Rigollet 2008; Govers et al. 2008) , especially concerning basin depth, sea level, and land distribution (see Fig. 1B ). One certain paleocenographic consequence was the reduction of the connections with the Atlantic Ocean, as witnessed by the decrease of the Sr isotope ratio (Flecker et al. 2002) and the progressive development of bottom-water anoxia. Nevertheless, a continuous oceanic influx into the Mediterranean is required for the large volume of ions (Ca 2+ , SO 4 22 , Na + , Cl 2 ) needed to precipitate the evaporites during the three crisis stages ).
The primary evaporite record of the Realmonte and Pasquasia sections suggest that the local MSC acme (stage 2) occurred within a single precessionally driven glacial interval (CIESM 2008; Manzi et al. 2009 ) and had an overall duration of a few thousand years. This very short time window likely corresponds to the peak of a glacial episode (isotope stages TG12 or TG14; Roveri et al. 2008) ; the associated lowering of global sea level would have further reduced the connections between the Atlantic Ocean and the Mediterranean Sea, thus favoring the progressive increase of water saturation up to a basin-wide halite phase. This situation could also have increased the sensitivity of the Mediterranean to paleoceanographic changes, thus amplifying the effects of annual and pluri-annual climate oscillations.
Our results indicate that the Mediterranean climate during the MSC peak was characterized by climatic oscillations similar to those observed during the past few centuries, likely regulated by astronomical cycles related to the Moon and to the natural oscillations of the Sun and the heliosphere (Scafetta 2010; 2012a , 2012b , 2012c , 2012d , Wang et al. 2012 . Evaporite deposition was caused by precipitation at the pycnocline interface induced by intense evaporation during the driest season and hampered by water-mass dilution related to precipitation and fluvial runoff increase during the wet season (Fig. 10) .
Consequently, if we consider the Mediterranean in a simplistic way, we can argue that solar irradiation (plus wind intensity) in the dry season vs. precipitation rate in the wet season would have been the main factors controlling evaporite accumulation. As for the annual scale, the alternation of wetter vs. drier climate conditions may also have influenced the deposition of evaporites in the Mediterranean basin at a pluri-annual to decadal scale. In our opinion, during dry phases the strong evaporation rate induced a more severe negative hydrological budget favoring a strong input of Atlantic Ocean water, whereas during wet periods the increase of precipitation and continental runoff likely triggered a significant reduction of the ocean exchange. This would have produced stratification of the water column and anoxia at the basin floor.
Implications for the Origin of Modern and Ancient Climate Forcing
A more general implication of our study concerns the effective role of ENSO during the past, which is one of the most debated paleoclimatic issues. The existence of ''permanent'' El Niñ o-like conditions during warm periods has been postulated with analogies with the Pliocene Warm Period (Wara et al. 2005; Fedorov et al. 2006 ). However, this hypothesis has been questioned because ENSO-like oscillations have been reconstructed from the d 18 O anomalies of a coeval coral record that are considered to be more appropriate high-resolution proxies of sea-surface temperature (Watanabe et al. 2011) . Moreover, the extension of ''intermittent'' ENSO conditions back in the geological record, as ancient as the Late Cretaceous, has been suggested by several authors (Davies et al. 2012 and reference therein) .
This interpretation is also in agreement with our observations for the Miocene, but our results further suggest new insights about the existence and the physical origin of longer natural climatic oscillations.
It is noteworthy that during ancient periods characterized by varied continental distribution, size and geometry of the oceans, hydrological connections and ice-sheet distribution, climatic periodicities were similar to those observed today. The most plausible explanation for these findings is that climate oscillations at multiple frequencies (annual and longer cycles) are triggered by astronomical solar-lunar quasi-periodic forcing, which are independent of the actual geographical arrangement of the continents and the oceans.
The existence of modern-like climatic oscillations like ENSO during the past can be well explained considering that they are largely regulated by external factors. The existence of important teleconnections between the main modern climate controls active in different hemispheres and oceans (Wyatt et al. 2011 ) further support our finding of an astronomical control of earth climate where configuration of the continents and the oceans likely does not produce the frequencies, but, at most, regulates the amplitudes of the corresponding cycles through internal resonances. Recently, Wang et al. (2012, their figure 8) found that cycles at periods of 2.3, 3, 4.1, 5, 6.3, 7, 9-10, and 15-16 years, which are reasonably consistent with our findings, could be induced by solar-lunar tidal gravitational waves. This result reinforces our interpretation that cycles of this kind of are commonly found in both ancient and modern climate records because they are linked to almost stable astronomical cycles.
CONCLUSIONS
Our study of two evaporitic varved sequences in Sicily reveals that during the acme of the Messinian salinity crisis the deposition of the evaporites was controlled by quasi-periodic climate oscillations similar to those commonly described for modern analogs. The periodicities recognized in our study resemble the ones associated to the QuasiBiennial Oscillation, the El Niñ o Southern Oscillation, the sunspotnumber solar cycle and, interestingly, the 9 year periodicity related to a lunisolar tidal cycle. All of these represent the main climate forcing mechanisms that regulated temperature and precipitation in the Mediterranean in the past 500 years (Camuffo et al. 2010; Scafetta 2010 Scafetta , 2012a Wang et al. 2012) . We suggest that during the MSC, at least during the insolation minima when evaporites precipitated, the Mediterranean did not have a constant hydrological budget but was rather characterized by a highly dynamic climate. In such a dynamic scenario the conditions of the Mediterranean seasonally switched between oversaturated evaporative and diluted non-evaporative conditions. This implies that, even during insolation minima, evaporitic conditions were achieved and lasted only for short time intervals (i.e., at seasonal scale) and not for the entire duration of the arid portion of the insolation cycle.
Moreover, we suggest that the role of astronomical high-frequency forcing, as from lunar and solar periodicities, can be reasonably extended back to the late Miocene, or maybe even to more ancient periods, as demonstrated for the longer-term ones (precession, obliquity, eccentricity), because they are independent of local factors such as basin physiography and ocean and atmospheric circulation.
